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Abstract 

An experimental study of the combustion of two isomers of pentane, n-pentane and iso- 

pentane, in laminar cool flames has been carried out. Three flames were studied, one with n- 

pentane, the second with iso-pentane, and the third with an equimolar mixture of the two 

isomers. Particular attention has been given to the low temperature region ahead of the hot 

region of the flame and the cool flame chemistry occurring there. Aunique experimental 

facility has been used to provide access to this cool flame region. Comparisons are made of 

the structures of the three flames, with particular attention on the different intermediate 

species produced and the correlations between the fuel molecule structure and the specific 

intermediates produced. 



INTRODUCTION 

Investigations of flame structure of stabilized cool flames are important to understand 

the processes of fuel conversion in both cool and hot flames [ 1,2]. According to current 

understanding, the cool flame is considered to be a precursor of the hot flame, so processes 

occurring in the cool flame should affect the structure of subsequent hot flame. Cool flames 

produce a negative temperature coefficient in the rate of hydrocarbon oxidation in the low 

temperature region of the flame front and also influence the heat release in propane, butane and 

hexane flames [3-51. Investigations of cool flame structure may throw-light on the nature of 

knock in an internal motor engine and oscillatory phenomena in hydrocarbon flames [6,7]. 

Low temperature hydrocarbon oxidation depends quite sensitively on the fuel 

molecular structure and has been demonstrated to be a significant factor in determining the 

octane and cetane ratings for these fuels. In the present study, low temperature kinetics of 

isomers of pentane were studied, to provide insight into the role that molecular structure plays 

in low temperature oxidation rates. 

EXPERIMENTAL DETAILS 

We have modified the reactor [3-51 developed by A.A. Mantashyan [8] to study the 

flame front structure of stabilized cool flames. It is a Pyrex reactor consisting of two sections 

both 62 mm in diameter, which are heated separately. The length of the first section L1 is 300 

nun, and that of the second L2 is 100 mm. These sections are separated by a wire-gauze plate 

of Pyrex. This plate has 50 holes with a total area of 50 mm2. The reactor is arranged 

vertically so that a fuel mixture is supplied into the first section from the bottom. The reactor 



is thermostated by the flow of hot air. The reactor temperature is controlled to an accuracy of 

k2 Oc with a temperature controller BT-1. The section temperature is controlled with 

chromel-alumel thermocouples placed in the thermostat. Temperatures were recorded with 

control devices KVP-1, KSP-4. The flame process and sonde position were observed through 

a window. The positions of the sampling sonde and thermocouple sonde relative to the flame 

over the burner surface were determined with a cathetometer. 

Pentane-air cool flames were studied with an installation shown schematically in Fig. 1. 

The special feature of this installation was a specially designed system for preparing and 

supplying pentane-air mixture of defined preliminary composition into the first section of 

reactor. This system consists of an inert gas cylinder (2), a powerful pneumatic reference- 

input element P2-D.4 (6), a manometer (3), a five litre vessel of stainless steel ( 4 ), a 

calibrated capillary (17 ) and a mixer (8). Pentane is added to the vessel where inert gas is fed 

through a manotube (1 5) ,  and the gauge pressure over the liquid is set with the reference-input 

element. Under pressure, pentane runs through a capillary into the mixer. It should be noted 

that both the vessel with pentane and capillary are thermostated at the temperature of 285 K. 

The vessel pressure is controlled with the manometer (3). The mixer consists of two 

chambers (1,II) connected with a cross-pipe tube. Pentane goes to chamber I from the 

capillary, then it evaporates and enters the first section of chamber I1 through the cross-pipe 

tube. Air is pumped into the system with a compressor (5) through a reservoir (16), cleaning 

filters, a fine adjustment valve (1) and a flow meter (7). Air with a predetermined flow rate 

goes through a coil pipe where it is heated and then comes to the mixer through a small nozzle, 

then air is combined with pentane vapor and the air and pentane are mixed in the second 



section of the chamber 11. After that the vapour-gas mixture goes through another coil-pipe 

into a heat exchanger (111) having the same temperature as in the mixer and enters the first 

section of the reactor. The mixer and coil pipe are made of molybdenum glass, and they are 

submerged into the ultrathermostat U-2 where the temperature of 345 k 0.1 K is kept 

constant. A tap for controlling the composition of the initial mixture supplied into the reactor 

is placed between the mixer and heat exchanger. 

Temperature profiles of pentane-air cool flames were taken along an axis of the reactor 

second section with a thermocouple which was not isolated. The working part of the 

thermocouple was covered with diethyl ether of orthosilicon acid [9]. In the investigation of 

pentane-air flames, temperature profiles both of the flame and inert gas (air) were taken. The 

air flow rate was set as high as the total flow rate of pentane-air mixture at temperatures of 

both sections corresponding to the performed experiment. 

Analysis of the reaction products was carried out using two M=3700 chromatograph 

devices. Helium of high purity was used as a gas carrier. The investigation was conducted 

with a heat conduction detector. The detector signal was recorded with an electron 

3 potentiometer. Flow rate of the gas carrier was 41 cm /min. During the chromatographic 

analysis the temperature of the thermostat columns was controlled with programming 

(40°C - 2 min - 3"C/min - 83°C - 6 min - 200°C - 20 min). Metallic columns with inner 

diameter of 2 mm and length of 2 m were used. This programming control was chosen on the 

base of a great number of experiments which enabled us to use effectively available sorbents. 

Due to the different polarity of the sorbents we had to identifiy qualitatively the components 

of the analysed mixture. 



For the computation of product composition the method of internal identification 

involving mole correction factors taken from reference [ 101 was used. The computation used 

the formula: 

KiQi 

where the Ki - coefficient was defined by detector sensivity to the current component, 

Qi - square of the i-th peak, Ci - the i-th compound concentration in. volume percents. 

For calibration we used the following substances: 

is0 - C4 HgOH,(CH3 )2 CO,(CH3 )2 CO,C2H5, (C3H5 )2 0, (is0 - C3 H5 )2 0, 
etc. 

As known [lo], the time of component yield, and in programming control the yield 

temperature somewhat differ for individual substances and their mixtures. In particular, in the 

case of mixtures there is some increasing of these characteristics. That is why for a better 

identification of the compounds analysed we composed model mixtures which are both 

gaseous and liquid; and then on the basis of their analysis final conclusions on times and 

temperature of the component yield as well as their qualitative composition were drawn. 

For calibration, all liquid model mixtures were injected with a microinjector directly 

into the chromatograph evaporator, while gaseous model mixtures were injected here with a 

dozator. Samples of the reaction products taken were introduced into the chromatograph with 



a six-way cock dozator thennostated at temperature of 120 +_0.5"C. Before each sample was 

introduced from a new point along the reactor axis, the cock-dozator line and its loop were 

washed three times with solvent (pentane:ethanol:acetone = 1 : 1 : l), to remove the influence of 

previous sample residuals on the composition of the next sample analysed. 

It should be noted that initially the samples were taken through a microcolumn which 

was cooled with liquid nitrogen and filled with the sorbent identical to that in the 

chromatographic column. Subsequently the microcolumn was heated up to a temperature of 

nearly200 'C. However, a range of experiments has shown that although the microcolumn was 

heated and washed with sorbents, heavy impurities accumulated on the sorbent, which then 

sharply reduce the quality of the obtained chromatogrammes and complicate the composition 

computations and the component identification in the analyzed mixture and, finally, adversely 

impact data reproducability. Therefore we worked on finding the best conditions for taking 

samples of composition by cooling the cock-dozator microcolumn with liquid nitrogen. As a 

result, we chose the heated cock-dozator with a loop which is not filled with sorbent. This 

cockdozator is located close to the sampling installation. Samples were taken from the sonde 

to the cock-dozator through a teflon pipe-line of 2 mm diameter and 18-20 cm in the length 

and introduced into the chromatograph under the vacuum of 180-200 water column mm. The 

probe sampling was carried out along the second reactor section axis. A quartz tube with a 

diameter of 6 mm and inlet diameter of 50 mm was used as a sonde. Samples of vapour and 

gaseous mixture were supplied directly into the heated six-way cock-dozator and then into the 

chromatograph. 



RESULTS AND DISCUSSION 

In Table 1 the experimental conditions are summarized for the 3 flames which were 

investigated. 

Table 1. 

Conditions of 
experiments 

T2, K 

Component ratio 

3 
Q,-m Imin 

Pentane-air mixture 

373 

593 

4,85 

320 

Iso-pentane-air mixture 

373 

578 

4,75 

715 

Pentane- 
iso-pentane-air mixture 

363 

583 - 

4,17 

619 

As noted above, the focus of our investigation was the cool flame stabilized at the 

following conditions:Tl= 100 OC, T2 = 320 'C, component ratio was nCsH12 : air-4.85 and 

the mixture flow rate was 320 cm /min. The flame was sonded within the flame region at an 

interval of 2 mm from the matrix to flame, and after the flame region the interval was 5 mrn. 

According to this sonding and visual observations the flame location was found. The flame 

3 

was stabilized at a distance of 4.8 cm from the matrix. The thickness of the visible flame front 

was 10-12 mm (Fig 2). 

Fig 2 represents two temperature profiles of stabilized cool flame and two-stage flames 

of pentane. The two stage flame was stabilized at T1=llO 'C, T2=360 OC and ratio of C5H12 : 

a i ~ 3 . 5 ,  Q=355 cm /min. As shown from Fig 2. at increasing concentration of air the single 

stage cool flame transitions to two stages (first cool flame and second blue) flame. 

3 



The chromatographic analysis of samples taken along the axis of the first reactor 

section up to the matrix separating both reactor sections shows that in the first section, major 

components of the initial mixture were not appreciably consumed. 

Among the products of cool flame oxidation of pentane, we have identified the 

following substances such as nitrogen, oxygen, hydrogen, carbon oxide, carbon dioxide, ethane, 

propane, propylene, water, formaldehyde, methyl alcohol, acetaldehyde, ethanol, acetone, 

traces of formic acid, di-isopropyl ether, propyl ether, pentanol, pentene, methylketone, 

ethylacetate, pentane. Two other peaks and several trace components have not been 

identified. 

One of the major goals of this work was to compare the flame structures of two 

isomers of pentane. The cool flame temperatures of n-pentane and iso-pentane (2-methyl 

butane) are compared in Figure 3, and species concentrations for the two fuels are discussed 

below. 

Concentration profiles for the substances identified along the second section axis are 

presented in Fig. 4 - 10. In these figures one can see that the product formation begins 

immediately after the matrix separating the reactor sections, consisting of a full spectrum of 

the final reaction products. 

From the data on consumption of the reactants pentane and oxygen, the highest rate of 

consumption is observed in fiont of luminous flame zone, and their concentrations remain 

practically constant at its inlet. Nitrogen concentration almost has no changes along the 

reactor axis. 



Curves describing changes of 'concentrations of ethylacetate, pentene and di-isopropyl 

ether are presented in Fig. 4. It is seen that the formation of pentene begins on the reactor 

matrix, and the maximum of its concentration is attained at a distance of 3.3-3.7 mm from the 

matrix, then the concentration falls to a certain value and remains then constant up to the end 

of reactor. The concentration profiles of ethyl acetate and di-isopropyl ether show that their 

formation begins nearer to the luminous flame zone and ceases in the flame front. 

Fig. 5 demonstrates concentration curves of carbon dioxide, ethanol and benzene. All 

of these curves show that the formation of reaction products takes place in the preflame 

region. Slight amounts of carbon dioxide and ethanol are observed on the reactor matrix. 

Benzene formation is observed at a distance of 2 mm from the reactor matrix. These curves 

have their maximum in the front of the luminous zone of flame front. The ethanol 

concentration continues to increase through the combustion zone. The formation of small 

amounts of benzene is probably responsible for the resin formation observed at the reactor 

outlet. 

Among the products of cool flame oxidation of iso-pentane, we have identified the 

following substances such as nitrogen, oxygen, hydrogen, carbon oxide, carbon dioxide, 

methane, ethylene, ethane, propylene, propane, water, iso-butane, methyl alcohol, 

formaldehyde, iso-pentane, ethanol, acetone, iso-propanol, ethylacetate, iso-butanol, 

pentanol-2, pentanol-1 . One peak and several trace components have not been identified. 

Profiles of methane, iso-butane, iso-propanol and iso-butanol concentrations are 

shown in Fig. 6. The methane and iso-butane concentrations reach maximum values in the 

luminous zone in the flame, while concentration profiles of iso-butanol and iso-propanol 

increase through the flame. 



Concentrations of iso-pentanol, formaldehyde and acetone are presented in fig. 7. The 

highest rate of acetone formation is observed in the region of the outside boundary of the front 

flame and acetone appears at a distance of 2 cm from the reactor matrix. Formaldehyde 

formation begins at a distance of 4 cm and reaches a maximum at the end of luminous flame 

zone. Iso-pentanol has a maximum at 7 cm from matrix and then is stable. 

Among the products of cool flame oxidation of mixtures of n-pentane and iso-pentane 

we have identified nitrogen, oxygen, hydrogen, carbon oxide, methane, carbon dioxide, 

ethylene, ethane, propylene, water, methyl alcohol, acetaldehyde, ethanol, formaldehyde, 

acetone, methylacetate, iso-propanol, ethylacetate, iso-butanol, iso-pentanol, pentanol- 1, 

toluol, iso-pentane, pentane. Several trace components have not been identified. 

Curves describing formation of ethane, pentanol and methylacetate are presented in fig. 

8. Pentanol formation is observed on the matrix burning and the essential increase of its 

concentration is observed after the flame region. Curves of ethane and methylacetate 

formation are passing through maxima in the upper boundary of the flame. 

The concentration changes of propylene, acetone and ethylene are presented in fig. 9. 

It is shown that all the curves are passing through the maximums mainly located closely to the 

back luminous flame zone, and the highest concentration belongs to propylene. 

Fig. 10 demonstrates the profiles of concentrations of acetaldehyde, formaldehyde and 

ethylacetate. The formation of these compounds is observed on the burning matrix. The 

concentration of formaldehyde increases constantly in the reaction products and then is stable. 

Acetaldehyde peaks 9cm from the combustion zone from the matrix. The concentration of 

ethylacetate begins in the matrix and peaks before the luminous zone. 



For all three flames, the material balances of C, H, 0 and N were calculated. As an 

example, Table 2 presents data obtained from the calculation of material balance and changes 

of the coefficient of volume expansion in the isopentane-air cool flame. The coefficient of 

volume expansion is presented graphically in Fig. 11. Fig. 1 1 shows that the coefficient 

gradually increases and after 6 cm comes to a plateau. 

Table 2 shows that the material balances in carbon, hydrogen, oxygen and nitrogen are 

fully satisfactory. 



The material balances in the iso-pentane flame and volume expansion coefficients. Values 

indicate percent deviations from absolute conservation. Table 2 

CONCLUSIONS 

In this study, experiments were carried out to provide a consistent database of species 

concentrations through low temperature flames of n-pentane, iso-pentane and their mixtures. 

This data will be very valuable for future kinetic modeling studies to investigate the role of fuel 

molecular structure in cool flame oxidation of hydrocarbons. The kinetic information 

determined in this way will assist in refining kinetic models that describe such practical 

problems as engine knock, diesel fuel ignition and others such as homogeneous charge 

compression ignition (HCCI). 
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Fig. 1. Scheme of the installation (explanation in text) 
Fig. 2. Temperature profiles of pentane - air cool flame (1) and cool two- stage 

Fig. 3. Temperature profiles of iso-pentane - air cool flame (1) and pentane - 

Fig. 4. Concentration profiles of ethylacetate (1),  pentene (2) and di-isopropyl 

Fig. 5. Concentration profiles of carbon dioxide (l), ethanol (2) and benzole 

Fig.6. Concentration profiles of iso-butanol (l), methane (2) iso-propanol (3) 

Fig.7. Concentration profiles of iso-pentanol (1 ), acetone (2) and formaldehyde 

Fig. 8. Concentration profiles of ethane (l), pentanol (2) and methylacetate (3) 

Fig. 9. Concentration profiles of propylene (l), acetone (2) and ethylene (3) in 

Fig. 10. Concentration profiles of acetaldehyde (1), formaldehyde (2) and 

Fig. 11. The change of the coefficient of volume expansion in iso-pentane-air 

flame (2) 

iso-pentane - air cool flame (2) 

ether (3) in pentane - air cool flame. 

(3) in pentane - air cool flame. 

and iso-butane (4) in iso-pentane - air cool flame. 

(3) in iso-pentane - air cool flame. 

in pentane - iso-pentane - air cool flame. 

pentane - iso-pentane - air cool flame. 

ethylacetate (3) in pentane - iso-pentane - air cool flame. 

cool flame. 
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